THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 31, pp. 20602-20614, July 31, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Differential Phosphorylation of Plant Translation Initiation
Factors by Arabidopsis thaliana CK2 Holoenzymes™

Received for publication, April 13,2009, and in revised form, June 1,2009 Published, JBC Papers in Press, June 9, 2009, DOI 10.1074/jbc.M109.006692

Michael D. Dennis and Karen S. Browning'

From the Department of Chemistry and Biochemistry and the Institute for Cellular and Molecular Biology, University of Texas,

Austin, Texas 78712

A previously described wheat germ protein kinase (Yan, T. F.,
and Tao, M. (1982) J. Biol. Chem. 257,7037-7043) was identified
unambiguously as CK2 using mass spectrometry. CK2 is a ubig-
uitous eukaryotic protein kinase that phosphorylates a wide
range of substrates. In previous studies, this wheat germ kinase
was shown to phosphorylate eIF2«, elF3c, and three large sub-
unit (60 S) ribosomal proteins (Browning, K. S., Yan, T. F,,
Lauer, S.J., Aquino, L. A., Tao, M., and Ravel, J. M. (1985) Plant
Physiol.77,370-373). To further characterize the role of CK2 in
the regulation of translation initiation, Arabidopsis thaliana
catalytic (@l and «2) and regulatory (81, B2, B3, and 4) sub-
units of CK2 were cloned and expressed in Escherichia coli.
Recombinant A. thaliana CK2f3 subunits spontaneously dimer-
ize and assemble into holoenzymes in the presence of either
CK2al or CK2a2 and exhibit autophosphorylation. The puri-
fied CK2 subunits were used to characterize the properties of
the individual subunits and their ability to phosphorylate vari-
ous plant protein substrates. CK2 was shown to phosphorylate
elF2a, elF2[3, elF3c, eIF4B, elF5, and histone deacetylase 2B but
did not phosphorylate elF1, elF1A, elF4A, eIF4E, elF4G,
elFiso4E, or elFiso4G. Differential phosphorylation was exhib-
ited by CK2 in the presence of various regulatory -subunits.
Analysis of A. thaliana mutants either lacking or overexpressing
CK2 subunits showed that the amount of eIF23 protein present
in extracts was affected, which suggests that CK2 phosphoryla-
tion may play a role in elF2f stability. These results provide
evidence for a potential mechanism through which the expres-
sion and/or subcellular distribution of CK2 B-subunits could
participate in the regulation of the initiation of translation and
other physiological processes in plants.

Protein kinase CK2 (formerly known as casein kinase II) is a
ubiquitous and highly conserved serine/threonine kinase found
in both the nucleus and cytoplasm of all eukaryotic cells (1-5).
CK2 is essential for cell viability and is involved in many pro-
cesses such as cell proliferation, transcriptional and transla-
tional control, cell cycle progression, and apoptosis (2). The
lack of an obvious control mechanism, low co-substrate speci-
ficity (both ATP and GTP can be used as phosphate donors),
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and the acidophilic nature of CK2 separate it biochemically
from other protein kinases (1). The pleiotropic nature of CK2
has garnered it a great deal of attention, as it has been found to
phosphorylate over 300 substrates, including 60 transcription
factors and over 50 proteins that regulate DNA/RNA structure
and/or play a role in RNA synthesis and translation (3). For a
large majority of these substrates, phosphorylation events have
been observed both in vitro and in native proteins (3).

CK2 holoenzymes consist of two catalytic a-subunits that
assemble with two regulatory -subunits to form a tetrameric
holoenzyme (6, 7). In mammalian cells, there is a single B-sub-
unit isoform that forms a homodimer, onto which two catalytic
subunits assemble (a/a, @'/a’, or a/a’). Yeast also possess two
distinct catalytic subunits (a and a’); however, there are also
two distinct isoforms of the yeast regulatory CK2 subunits (8).
In yeast, both the CK2B and CK2p3’ subunits are required for
formation of the B-B'-dimer (9). Thus, there are three potential
forms of CK2 holoenzymes in both yeast and mammalian sys-
tems. However, plants contain several isoforms for both cata-
lytic and regulatory subunits, creating the potential for a wider
variety of CK2 holoenzyme combinations that may have a role
in regulating CK2 activity or substrate specificity (10).

The catalytic activity of the CK2 holoenzyme toward various
substrates is generally higher than with the catalytic subunits
alone (11). However, some substrates are only phosphorylated
in the presence of the CK2 holoenzyme, whereas others are only
phosphorylated by the catalytic a-subunit monomer (12, 13). It
is not currently known if various isoforms of plant CK2 sub-
units confer substrate specificity; however, by regulating the
levels of specific CK2 subunits plants may be able to fine-tune
the phosphorylation of substrates.

A systematic study of the Arabidopsis thaliana genome
recently identified four genes encoding CK2a subunits and four
genes encoding CK2 subunits that exhibit diverse subcellular
distribution (14). Maize shows differential expression of three
CK2p subunits during development (10), and tobacco CK2 sub-
units are differentially expressed during the cell cycle (15). In
addition to their regulated expression, CK2 3 subunits appear to
be ubiquitinated and degraded by a proteasome-dependent
pathway (16). Phosphorylation of A. thaliana CK2p4 leads to
ubiquitination and degradation by the proteasome pathway in a
manner that is regulated by the circadian clock (17). Yeast two-
hybrid data obtained from various maize CK28 subunits pre-
dicts that three CK2f isoforms are able to interact in vivo with
one another (10), and at least some isoforms of recombinant
maize CK2f3 subunits have been shown to form homodimers in
vitro (10, 18). However, it is not known if this is the case for all
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isoforms of the plant B-subunits. Because plants possess multi-
ple isoforms of the CK2 subunits, regulation of CK2 subunit
expression/degradation and variations in the subcellular distri-
bution of the CK2 isoforms present a potential mechanism for
regulating the substrate specificity of CK2 through the forma-
tion of different CK2 holoenzyme complexes. This is the first
study to clearly demonstrate the effects of different CK28 sub-
units on substrate specificity.

Of particular interest is the ability of various plant CK2 iso-
forms to phosphorylate the translational machinery of plants.
The fundamental processes of translation initiation are similar
in all eukaryotes; however, there are some intriguing differ-
ences that exist between plants, mammals, and yeast. Some of
the most notable differences that must be considered with plant
translation are the apparent absence/ambiguity of key regula-
tors as follows: eIF4E-binding proteins and the guanine nucle-
otide exchange factor eIF2B (19, 20). In most eukaryotic sys-
tems, these proteins control global rates of translation by
regulating the formation of mRNA cap-binding complexes or
elF2 ternary complexes. However, neither of these mechanisms
has been shown to function in plants to date. When one con-
siders that both of these factors are potentially absent or have
minor roles in regulation in plants, it becomes obvious some
alternative mechanism(s) is likely employed for the regulation
of protein synthesis during development and in response to
environmental signals (19). The extensive complement of CK2
subunits seen in plants presents one potential mechanism for
the regulation of the plant translational machinery.

A protein kinase isolated from wheat germ was shown to
phosphorylate an unknown “target” protein (T-substrate),
elF2q, elF3c, and three large subunit (60 S) ribosomal proteins
(21-23). Although biochemical characterization of the kinase
revealed casein kinase-like properties, the specific identity of
the kinase was unknown. Using mass spectrometry, the study
presented here unambiguously identifies the previously
described protein kinase as CK2 and T-substrate as histone
deacetylase 2B (HD2B).> In this work, two of the four CK2a
subunits and all four CK2B subunits from A. thaliana were
cloned and expressed in Escherichia coli. All four recombinant
A. thaliana CK2p subunits spontaneously dimerized, assem-
bled into holoenzymes with a-subunits, and exhibited auto-
phosphorylation in the presence of catalytic subunits. In addi-
tion, we have shown that CK2 not only phosphorylates plant
elF2a and elF3c, but holoenzyme and monomer forms of
recombinant CK2 are capable of differentially phosphorylating
plant elF2f3, elF3c, elF4B, and elF5. Evidence was obtained that
CK2 may be involved in the protein stability of elF2B3. The
results presented here suggest that CK2 may play an important
role in regulating translation initiation in plants as well as other
cellular processes.

2The abbreviations used are: HD2B, histone deacetylase 2B; MS, mass
spectrometry; DTT, dithiothreitol; BisTris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; MOPS, 4-morpholinepro-
panesulfonic acid; Ni-NTA, nickel-nitrilotriacetic acid; MALDI-TOF,
matrix-assisted laser desorption ionization time-of-flight; FPLC, fast
protein liquid chromatography.
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EXPERIMENTAL PROCEDURES
Purification of Wheat Germ Casein Kinase and T-substrate

Wheat germ kinase was purified from S30 (24, 25) using
DEAE-cellulose (Whatman DE52) and phosphocellulose
(Whatman P11) as described previously (23). The protein,
eluted from the phosphocellulose column containing the peak
of activity (8 ml containing 9.3 mg of protein), was concentrated
to ~1 ml using an Amicon Ultra-4 centrifugal filter (Millipore).
The sample was then loaded onto a 126-ml Sephacryl S-200 HR
column (GE Healthcare). Three fractions containing the peak
kinase activity were pooled and concentrated by centrifugal fil-
tration to a final volume of 200 ul. The purified kinase was
divided into 25-ul aliquots, quick frozen in dry ice, and stored at
—80 °C for further analysis. A 48-kDa protein termed T-sub-
strate, which was previously identified as an endogenous phos-
phoryl acceptor for the wheat germ kinase, was purified as
described previously (21).

Protein Identification by Mass Spectrometry

To identify the protein responsible for kinase activity, 20 ul
of the concentrated sample was run on a NuPAGE 12% BisTris
gel (Invitrogen) using MOPS running buffer (Invitrogen). Upon
staining with Colloidal Coomassie Blue (Invitrogen), the sam-
ple was found to contain five major protein bands. Each of these
bands was cut from the gel and destained using 500 ul of deion-
ized water. Each gel slice was dehydrated with 200 ul of aceto-
nitrile (Sigma), reduced with 10 ul of 100 mm DTT for 30 min,
and alkylated with 100 ul of 100 mm iodoacetamide for 30 min.
The samples were washed with 200 ul of 100 mm NH,HCO,,
before repeating the dehydration process. Trypsin (0.2 ug; Pro-
mega) suspended in 20 ul of 50 mm NH,HCO, was added to
each sample and incubated overnight at 37 °C. Following diges-
tion, 40 ul of 5% formic acid in 100 mm NH,HCO, was used to
extract peptides from each sample. The purified 48-kDa pro-
tein band (T-substrate) was prepared for mass spectrometry in
a similar manner.

Protein identification was performed at the Analytical
Instrumentation Facility Core, University of Texas (Dr. Maria
Person, Director), usinga MALDI-TOF/TOF instrument (4700
Proteomics Analyzer, Applied Biosystems) as described previ-
ously (26). Briefly, each tryptic digest was dried to <5 ul in a
SpeedVac (ThermoSavant), desalted with a Ziptip n-C18
pipette tip (Millipore), and eluted with 1.5 ul of matrix onto
three spots on the MALDI target. The matrix was 0.7 mg/ml
a-cyano-4-hydroxycinnamic acid in 50% acetonitrile, 0.1% tri-
fluoroacetic acid. Calibration Mixture 4700 (Applied Bio-
sciences) was prepared according to the manufacturer’s
instructions.

Spectra were acquired automatically using a 4000 Series
Explorer version 3.0 RC1. Mass spectrometry (MS) spectra
were obtained using 2000 laser shots over a mass range of 700 —
4000 and calibrated internally on trypsin autolysis peaks. The
top 20 MS signals with minimum S/N 20 were selected for tan-
dem MS fragmentation after exclusion of matrix, trypsin, and
keratin peaks. GPS Explorer version 3.5 was used to perform
additional peak processing and a data base search. Additional
searches were performed with MASCOT version 2.0. Samples
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were searched against Swiss-Prot, Trembl, and EST other data
bases.

Cloning and Expression of A. thaliana CK2 Subunits

For bacterial expression, appropriate primers were designed
(see supplemental material) for cloning into pET23d (Nova-
gen), such that each subunit could be expressed with a C-ter-
minal His, tag. Approximately 500 mg of A. thaliana flowers
were ground to a powder in liquid nitrogen and homogenized in
4 ml of TRIzol reagent (Invitrogen). RNA isolation was per-
formed as described by the manufacturer. cDNA was made
from total RNA using SuperScript II reverse transcriptase
(Invitrogen) in a 25-ul reverse transcription-PCR using ~5 ug
of RNA, 40 units of RNaseOUT (Invitrogen), dNTPs (0.5 mm
each), 10 mm DTT, and 20 ug/ml oligo(dT). Full-length A.
thaliana CK2 subunit cDNAs were amplified in a thermal
cycler as follows: 10 min at 95 °C; 1 min at 94 °C; 1 min at 55 °C;
1.5 min at 72 °C for 30 cycles, followed by 10 min at 72 °C. Each
50-ul reaction contained 2.5 units of FastStart High Fidelity
Enzyme Blend (Roche Applied Science), 5 ul of FastStart Reac-
tion Buffer, 200 um dNTP mix, 100 ng of first strand cDNA, and
10 pmol of each forward and reverse primer. PCR products
from CK2 subunits al (At5g67380), a2 (At3g50000), B1
(At5g47080), B2 (Atdgl7640), B3 (At3g60250), and M4
(At2g44680) were cloned into pET23d(+) vector using Ncol/
Xhol restriction sites. All constructs were confirmed by DNA
sequencing (DNA Core Facility, Institute for Cell and Molecu-
lar Biology, University of Texas).

Each CK2-pET23d subunit construct was transformed into
BL21(DE3) E. coli cells for expression. Overnight cultures (50
ml of LB media containing 100 ug/ml ampicillin) started from a
single colony were used to inoculate two times 1 liter of LB
media containing 100 ug/ml ampicillin (Invitrogen) and grown
to an Agy, of 0.5 at 37 °C. Expression of protein was induced
with the addition of isopropyl B-p-thiogalactoside to a final
concentration of 0.6 mm. Following isopropyl 3-p-thiogalacto-
side induction, cells were grown for 3 h at 30 °C. Cells were
harvested by centrifugation (6000 X g) for 15 min at 4 °C. Each
E. coli cell pellet was resuspended in 30 ml of Buffer C (50 mm
HEPES-KOH, pH 7.6, 600 mm KCl, 20 mm imidazole) contain-
ing 1 Complete protease inhibitor tablet (EDTA-free, Roche
Applied Science). The cells were disrupted by sonication three
times for 30 s at 70% power and two times for 30 s at 90% power
using a Vibra Cell sonicator (Sonics & Materials Inc.). Lysed
cells were centrifuged at 184,048 X g for 30 min at 4 °C.

Purification of Hiss-tagged Proteins

Purification of His,-tagged proteins was similar to previously
described methods with the following modifications (27). His,-
tagged proteins were eluted from Ni-NTA with Buffer D (20
mm HEPES-KOH, pH 7.6, 250 mm imidazole) containing 300
mM KCl for CK2a or 100 mm KCl for CK2 subunits. Fractions
containing the highest amount of protein were immediately
applied to a 1-ml phosphocellulose column (Whatman P11)
equilibrated in either Buffer B-300 or Buffer B-100 (20 mm
HEPES-KOH, pH 7.6, 0.1 mm EDTA, 1 mm DTT, 10% glycerol,
and KCl as indicated, where Buffer B-100 is Buffer B containing
100 mm KCl) for CK2a and CK2 subunits, respectively. CK2«
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subunits were then eluted with a 10X gradient (10 ml) of Buffer
B containing 0.3—1 M KCI. CK2f3 subunits were eluted with a
10X gradient (10 ml) of Buffer B containing 0.1-0.5 m KCL All
fractions were analyzed by SDS-PAGE, and those containing
the highest purity and concentration of protein were pooled.
CK2a fractions were dialyzed overnight at 4 °C in Buffer B-100.
CK2 subunits were not dialyzed as this resulted in a significant
loss of protein, presumably by binding of the protein to the
dialysis tubing.

Reconstitution of CK2 Holoenzymes in Vitro

CK2 subunits or holoenzymes (300 ug) were applied to an
FPLC HiPrep 16/60 Sephacryl S-200 HR column (126 ml bed
volume; GE Healthcare) or FPLC HiLoad 16/60 Superdex S200
column (126 ml bed volume; GE Healthcare) equilibrated in
Buffer B-180, and the elution was monitored by A, for 120 ml.
To analyze holoenzyme formation using gel filtration, CK2«
and CK2f subunits were combined in a 1:1 molar ratio (~164
pg of CK2a and ~135 ug of CK2p), and the KClI concentration
was adjusted to 180 mM using Buffer B and incubated on ice for
1 h prior to application to the column.

To analyze the phosphorylation of initiation factors by CK2
holoenzymes, eight holoenzyme complexes were formed
(CK2a1B1, CK2alB2, CK2alp3, CK2alB4, CK2a281,
CK2a2p32, CK2a233, and CK2a2B4). For each reaction, 50
pmol of either CK2a1 or CK2a2 was combined with 50 pmol of
CK2p1, -B2, -B3, or -B4 in Buffer B-50 and incubated on ice for
1h. To verify complex formation, 25 ul of each reaction was run
ona4-20% Tris-glycine nondenaturing gel (Invitrogen) at 4 °C.
Each of these holoenzyme preparations was used to evaluate
the activity toward various substrates. Similar holoenzyme for-
mation was performed in the presence of [y->**P]JATP (~100
cpm/pmol) to evaluate the autophosphorylation of CK28 sub-
units. CK2 holoenzyme combinations were separated by 12.5%
SDS-PAGE. Following electrophoresis, gels were stained with a
SilverSNAP kit (Pierce), dried, exposed to a PhosphorImager
screen (GE Healthcare) overnight, and images analyzed using
Molecular Imager FX and Quantity One Software (Bio-Rad).

Cloning, Expression, and Purification of CK2 Substrates

To obtain nonphosphorylated substrates, plant initiation
factors and HD2B (T-substrate) were cloned and expressed in
E. coli as described below for each factor. The coding region for
each target was amplified, cloned into a pET vector (Novagen)
for bacterial expression, and purified using either phosphocel-
lulose or a Ni-NTA matrix. Constructs were confirmed by DNA
sequencing (DNA Core Facility, Institute for Cell and Molecu-
lar Biology, University of Texas). Sequences of primers used are
shown in the supplemental material.

elF2—Wheat elF2a was previously cloned into pET30a(+)
for bacterial expression (28). The elF2a coding region was
amplified from this construct and cloned into the Ndel/BamHI
site of pET15b(+). This new His-elF2« construct was trans-
formed into BL21(DE3) E. coli cells and expressed and purified
as described above for CK28 subunits. A. thaliana His-elF2«
(At5g05470) was amplified from A. thaliana cDNA and cloned
into pET23d(+) for expression with a C-terminal His, tag. This
construct was transformed into BL21(DE3) E. coli, and A. thali-
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ana His-elF2a was expressed and purified as described previ-
ously for wheat His-el[F2a. Wheat elF2f3 was prepared as
described previously (29). Recombinant A. thaliana wild-type
elF23 (At5g20920) was amplified from expressed sequence tag
TO4524 and cloned into pET23a(+) using Ncol/Sall restric-
tion sites. This construct was transformed into BL21(DE3)
E. coli expression cells and purified as described previously for
wheat elF2[3 (29).

elF3c—The cDNA for wheat elF3c was amplified from
expressed sequence tag BJ257961 and cloned into pET23d (+).
This construct adds a C-terminal His, tag when using the Ncol/
Xhol site. The plasmid was transformed into Arctic Express
DE3(RIL) E. coli cells (Stratagene) and expressed according to
the manufacturer’s instructions. The cells were harvested, and
His-elF3c was purified as described previously for CK2f
subunits.

elF4B—The cloning, expression, and purification of wheat
elF4B has been described previously (27). The cloning, expres-
sion, and purification of A. thaliana eIlF4B1 and elF4B2 are
described by Mayberry et al.?

elF5—The cloning and expression of wheat elF5 have been
described previously (27). The coding region of A. thaliana eIF5
(Atlg77840) was amplified from c¢DNA and cloned into
pET15b(+) using Ncol/BamHI restriction sites. This construct
was transformed into BL21(DE3) E. coli cells and expressed as
described previously for wheat elF5. The cell extract was
diluted with Buffer B to 150 mm KCI and loaded onto a 2-ml
phosphocellulose column equilibrated in Buffer B-150. Recom-
binant A. thaliana elF5 was eluted from the column using a 5X
gradient (10 ml) from 150 to 500 mm KCl in Buffer B, and 10 ul
of each fraction was analyzed by SDS-PAGE to evaluate the
purity of the eluted eIF5. Peak elF5 fractions were pooled and
dialyzed in Buffer B-80. The sample was then loaded onto a
1-ml High Trap Q FF column (GE Healthcare) equilibrated in
Buffer B-80. The protein was eluted with a 10X gradient (10 ml)
of 80-350 mm KCl in Buffer B, and each fraction was analyzed
by SDS-PAGE to evaluate the purity. Fractions were stored at
—80°C.

T-substrate/HD2B

Primers were designed for cloning A. thaliana HD2B cDNA
(At5g22650) into the pET23d(+) expression vector with a
C-terminal His, tag using Ncol/Xhol restriction sites as
described above. The His-HD2B construct was transformed
into BL21(DE3) E. coli cells and expressed and purified as
described above for CK2f subunits.

Phosphorylation of CK2 Substrates

For translation initiation factor phosphorylation, a kinase assay
was conducted using 1050 pmol of purified translation initiation
factor as substrate. Generally, 20 pl-incubation mixtures con-
tained 50 mm HEPES-KOH, pH 7.6, 5 mm MgCl,, 24 mMmDTT, 0.2
mwum [y->?P]JATP (~100-250 cpm/pmol), 100—150 mm KCl, and
~1 pmol of CK2. Incubation was at 30 °C for 20 min or as indi-
cated. Each reaction was terminated by the addition of 4X

3 Mayberry, L. K., Allen, M. L., Dennis, M. D., and Browning, K. S., (2009) Plant
Physiol., in press.
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SDS loading dye (2.5 m Tris, pH 6.8, 40% glycerol, 8% SDS,
0.1% bromphenol blue). Samples were heated at 100 °C for 5
min and separated by 12.5% SDS-PAGE. Following electro-
phoresis, gels were dried and exposed to a PhosphorImager
screen (GE Healthcare/Amersham Biosciences).

To compare the activity of the various forms of recombinant
CK2, ~1 ug of each substrate was incubated with 0.5 pmol of
CK2a (monomer) or 0.25 pmol of holoenzyme (tetramer) at
25 °C for 15 min. Each reaction was treated as described previ-
ously and visualized by phosphorimaging. Quantitative densi-
tometry was performed using Quantity One (Bio-Rad), and
results were expressed as counts/mm?. Each reaction was per-
formed in triplicate for the 10 recombinant CK2 kinase forms
(CK2al only, CK2a2 only, CK2a1B1, CK2a1B2, CK2a1f33,
CK2a1B4, CK20281, CK2a282, CK2a:283, and CK2a234).

To quantify the number of phosphorylation sites present in
each substrate, the phosphorylation reaction (50 ul) contained
50 mm HEPES-KOH, pH 7.6, 5 mMm MgCl,, 2.4 mMm DTT, 0.2 mm
[y-**P]ATP (~100 cpm/pmol), and 100 mm KCl, 10 pg of sub-
strate, 5 pmol of recombinant CK2a1, and an additional 5 ug of
acetylated bovine serum albumin. Reactions were incubated at
30 °C for 5, 15, or 30 min, stopped by the addition of 1 ml of
HMK buffer (20 mm HEPES-KOH, pH 7.6, 2.5 mm MgCl,, and
100 mMm KCl), and immediately passed through a nitrocellulose
filter (Microfiltration Systems, 0.45 wm) that had been pre-
soaked in 1 mm KPO,, pH 6.8. Each filter was washed with ~2
ml of cold HMK buffer, dried, and analyzed using a scintillation
counter. Reactions were performed in triplicate. Each value was
corrected for the amount of [y->*P]ATP retained by the filter in
the absence of substrate. CK2f appears to be a requisite for
phosphorylation of eIF23; therefore, the CK2a184 holoenzyme
was used in place of CK2al alone for its phosphorylation. For
this reaction, a CK2«1B4 blank was run to control for auto-
phosphorylation of the CK2 subunit.

Western Analysis

Transgenic A. thaliana lines overexpressing CK233 (30) or
CK2pB4 (17) were kindly provided by Dr. Elaine Tobin (UCLA)
and Dr. Paloma Mas (Consorcio Consejo Superior de Investi-
gaciones Cientificas-Institut de Recerca i Tecnologia Agroali-
mentaries, Barcelona, Spain) respectively. T-DNA insertion
lines for CK2a1, CK2a2, and CK2a3 were generously provided
by Dr. Q. Bu (University of Texas, Austin). A. thaliana protein
extracts were prepared from seedlings (2 weeks) grown on MS-
plates under sterile conditions (16 h days) and prepared by
homogenizing seedlings in liquid nitrogen followed by resus-
pension in 250 wl of 50 mm HEPES-KOH, pH 7.6, 150 mm Nacl,
0.1% Nonidet P-40, 10% glycerol, containing 1 Complete pro-
tease inhibitor tablet (EDTA-free, Roche Applied Science) per
50 ml of buffer. 4X SDS loading dye was added to 15 g of each
extract, separated by SDS-PAGE, and blotted to polyvinylidene
difluoride. Blots were blocked with HNAT (10 mm HEPES-
KOH, pH 7.6, 150 mMm NaCl, 0.2% bovine serum albumin, 0.2%
Tween 20) containing 5% dry milk. Primary antibodies used
were rabbit antiserum to recombinant wheat elF28, elF2q,
elF3c, elF4B, or eIF5 (27) or mouse monoclonal a-tubulin anti-
bodies (037K4829, Sigma). Blots were incubated with a 1:3000
dilution of primary antibody in HNAT/milk for 12 h at 4°C
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FIGURE 1. Native wheat germ kinase preparation. The purified protein
preparation (lane A) containing native wheat CK2 was resolved by SDS-PAGE
on a 12% gel and silver-stained (Pierce). Bio-Rad Precision Plus molecular
weight markers are as indicated (/ane B). In separate experiments, the protein
bands were identified by mass spectrometry as follows: band 1, CK2a subunit;
band 2, unidentified protein; band 3,40 S ribosomal protein S7 (RPS7); band 4,
40 S ribosomal protein S19 (RPS19); bands 5, a and b, isoforms of 60 S riboso-
mal protein L3 (RPL3).

followed by extensive washes with HNAT/milk solution. The
second antibody was a 1:20,000 dilution of goat anti-rabbit
horseradish peroxidase or goat anti-mouse horseradish perox-
idase secondary antibody (Kirkegaard & Perry Laboratories) in
HNAT/milk and incubated for 1 h at room temperature. Fol-
lowing extensive washes with HNAT (>4), antibody reactive
bands were visualized by chemiluminescence (SuperSignal
West Pico, Pierce) and exposure to film.

RESULTS
Purification of Native CK2

The wheat germ kinase previously shown to phosphorylate
elF3c, elF2q, and three large subunit (60 S) ribosomal proteins
(22) was identified as CK2a (casein kinase Ila; BAB59136)
using mass spectrometry. The CK2« purified from wheat germ
(Fig. 1, band 1) eluted from Sephacryl S-200 HR at ~37 kDa.
Several other proteins co-purified with wheat CK2a were iden-
tified as 60 S ribosomal protein S7 (28 kDa, band 3), 40 S ribo-
somal protein S19 (19 kDa, band 4), two isoforms of 60 S ribo-
somal protein L3 (16/17 kDa, bands 5a/5b), and one band that
could not be identified (band 2). Previously we had shown that
wheat germ 80 S ribosomes have CK2 activity associated with
them even after high salt treatment, suggesting a strong associ-
ation of CK2 with ribosomes (22). Recently an extensive analy-
sisidentified interacting partners of mammalian 40 S ribosomal
protein S19 (RPS19) (31). Mammalian RPS19 was found to
interact with mammalian orthologs (60 S ribosomal protein L3,
60 S ribosomal protein S7, and CK2a) of three of the plant
proteins identified in this work by mass spectrometry of the
purified wheat germ CK2 preparation. The observations in this
work support the mammalian data that suggest CK2a may bind
to ribosomes to phosphorylate various ribosomal proteins, ini-
tiation factors, or other associated proteins of the translational
machinery (32). There is some speculation that CK2 phospho-
rylation could also regulate ribosome assembly or the degrada-
tion of specific ribosomal proteins (33—35).
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Expression and Purification of A. thaliana CK2 Subunits

cDNAs for two of the four catalytic subunits (CK2a1 and
CK2a2) and all four regulatory A. thaliana CK23 subunits were
obtained by reverse transcription of mRNA and cloned into
pET23d(+) with a His, tag. Attempts to obtain CK2a3
(At2g23080) cDNA from A. thaliana flowers were not success-
ful, as all products were identified as either CK2a1 or CK2a2
c¢DNA. This is consistent with the high degree of similarity in
these sequences and previous findings that CK2a3 expression
is significantly lower when compared with other a-subunits
(14). CK2acp (At2g23070) was not pursued because of its chlo-
roplast-specific nature. A single variation was detected in the
c¢DNA for CK2B4, where an alanine insertion occurred after
amino acid residue 240 because of the inclusion of the first
three nucleotides (GCA) after the predicted splicing site of the
fourth intron. Approximately half of all expressed sequence
tags in GenBank™ contain this variation, suggesting alternate
splicing at this site.

A high amount of soluble CK2 protein was obtained for all six
subunits (2-10 mg) following purification on Ni-NTA resin;
however, a small amount of contaminating protein was present
in the imidazole eluant. Protein preparations were further puri-
fied, and the imidazole was removed by chromatography on
phosphocellulose. All six recombinant A. thaliana CK2 sub-
units (al, a2, B1, B2, B3, and B4) were purified to near homo-
geneity (Fig. 24).

Formation of Tetrameric Holoenzyme Complexes

Previous studies have demonstrated that CK2 holoenzyme
formation precedes B-subunit autophosphorylation (36). All
combinations of recombinant A. thaliana holoenzymes exhibit
autophosphorylation of the CK2B subunits when incubated
with either CK2a1 or CK2a2 (Fig. 2B). In the formation of all
eight holoenzyme complexes, only the CK28 subunits under-
went autophosphorylation, as CK2a1 and CK2«a2 subunits seen
in the silver-stained gel were not observed in the phosphorim-
age (Fig. 2B). The ability of recombinant A. thaliana protein
kinase subunits CK2al1, CK2a2, CK281, CK232, CK2f33, or
CK24 to form tetrameric holoenzyme complexes in vitro was
evaluated by FPLC gel filtration as shown in Fig. 3. CK2a1 (40
kDa) eluted between ovalbumin (59.7 ml, 43 kDa) and chymo-
trypsin (73 ml, 25 kDa) as expected (Fig. 3). CK2 subunits elute
corresponding to a molecular mass of ~70 kDa. This suggests
that the recombinant plant CK2 subunits spontaneously form
homodimers in vitro, because the predicted molecular mass of
the monomeric subunit is 32—33 kDa (Fig. 3). When combined
in a 1:1 molar ratio, the CK2«a1 and CK281 subunit elution
profiles shift to a single higher molecular weight peak (Fig. 3A4).
The peak of this CK2 holoenzyme product elutes after aldolase
(152 kDa), suggesting a molecular mass of ~127 kDa. The pre-
dicted molecular mass of the tetrameric holoenzyme, which
consists of a CK2B1 dimer and two CK2a1 subunits, is 147.5
kDa. Similar results were obtained with all four CK2 regula-
tory subunits when combined with CK2a1l or CK2a2 (Fig. 3B).
Based on the elution profiles, it appears that all four A. thaliana
CK2p subunits form homodimers, which are capable of assem-
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FIGURE 2. SDS-PAGE analysis and autophosphorylation of A. thaliana CK2 subunits. A, purified recombi-
nantA. thaliana CK2 subunits were separated by SDS-PAGE on a 12.5% gel and stained with Coomassie Brilliant
Blue. Each lane contains 1.5 pg of the following: lane 1, CK2«a:1; lane 2, CK2a2; lane 3, CK231; lane 4, CK232; lane
5, CK2B3; lane 6, CK234; lane 7, molecular weight standards (Bio-Rad) are as indicated. B, reactions (100 ul)
contained 50 pmol of B-subunit (CK231, CK232, CK233, or CK234) and were incubated in the presence or
absence of either CK2a1 or CK2a:2 (50 pmol) and [y->2PJATP (~100-250 cpm/pmol). Reactions were separated
by SDS-PAGE (12.5% gel) as described under “Experimental Procedures.” The gel was silver-stained, dried, and
analyzed by phosphorimaging. Each lane contains ~5 pmol of holoenzyme complex (10 ul of the reaction
mixture). Lane 1, CK2B1; lane 2, CK232; lane 3, CK233; lane 4, CK234; lane 5, CK2a131; lane 6, CK2a132; lane 7,
CK2a1B3; lane 8, CK2a1B4; lane 9, CK2a2 31; lane 10, CK2a232; lane 11, CK2a233; lane 12, CK2a234.

A.

Absorbance

0 20 40 60 80 100
Elution Volume (ml)

B.

Predicted Elution Observed Predicted Elution Observed
Samples Mass (kDa) Volume (ml) Mass (kDa) Samples Mass (kDa) Volume (ml) Mass (kDa)
Aldolase 152 41.3 Aldolase 152 553
Albumin 67 53.9 Albumin 67 65.4
Ovalbumin 43 59.7 Ovalbumin 43 70.6
Chymotrypsin 25 73 Chymotrypsin 25 79.2
CK2a0l1 40.3 63.2 ~34 CK2a2 40.4 723 ~36
CK2p1 334 52.9 ~72 a2B1 Holoenzyme ~ 147.7 55.4 ~150
CK2p2 331 531 ~71 0282 Holoenzyme 1470 56.2 ~146
CK2p3 319 54.2 ~65 023 Holoenzyme 144.5 57.3 ~138
CK2p4 327 53.7 ~68 024 Holoenzyme 1460 54.8 ~155
1B1 Holoenzyme 147.5 444 ~127 Experiments performed on FPLC Superdex S-200 column
a1B2 Holoenzyme 146.8 42.6 ~141
o1B3 Holoenzyme 144.5 433 ~135
a1pB4 Holoenzyme 146.0 41.1 ~154

Experiments performed on FPLC Sephacryl S-200 column

FIGURE 3. FPLC gel filtration of CK2 subunits and holoenzymes. Individual recombinant A. thaliana CK2
subunits (300 wg), CK2 holoenzymes (300 wg), and a series of standards (300 ug) were applied to an FPLC
HiPrep 16/60 Sephacryl S-200 HR column (126-ml bed volume; GE Healthcare) or FPLC HiLoad 16/60 Superdex
$200 column (126-ml bed volume; GE Healthcare) in Buffer B-180, and the elution was monitored by A,g, for
120 ml. Holoenzymes were formed by incubating CK2 subunits at a 1:1 molar ratio on ice for 1 h. A, represent-
ative elution pattern for individual subunits CK2a1, CKB1, and holoenzyme CK2a131 on the HiPrep 16/60
Sephacryl S-200 HR column is shown. B, summary of elution volumes from gel filtration.
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bling into holoenzymes in the pres-
ence of either CK2al or CK2a2.

Further support of holoenzyme
formation was obtained by running
a native gradient gel with the eight
possible CK2 holoenzyme tetram-
ers. Each holoenzyme migrated
through the gel as a distinct high
molecular weight band consistent
with formation of a holoenzyme
(data not shown). These results
taken together demonstrate that all
four isoforms of recombinant A.
thaliana CK2p are capable of form-
ing functional holoenzyme com-
plexes with either CK2a1 or CK2a2
in vitro.

Catalytic Activity of Recombinant
A. thaliana CK2 Subunits

It has been previously demon-
strated that wheat germ kinase, iden-
tified in this study as CK2«, phospho-
rylates an endogenous wheat germ
protein termed T-substrate (23).
We identified T-substrate in this
study as HD2B. To confirm the
activities of native wheat CK2 and
recombinant A. thaliana CK2 were
similar, A. thaliana HD2B cDNA
was cloned, expressed, and purified
to homogeneity (Fig. 4A4). Both
native wheat HD2B (T-substrate)
and recombinant A. thaliana HD2B
were phosphorylated by A. thaliana
CK2 catalytic subunits and endoge-
nous wheat germ CK2 in vitro (Fig.
4B). However, the native wheat sub-
strate appears to be somewhat less
phosphorylated than the recombi-
nant AtHD2B. This may be due to
partial phosphorylation of the
native wheat preparation or a differ-
ence in the number of phosphoryla-
tion sites between wheat and A.
thaliana HD2B. Both wheat and A
thaliana HD2B contain numerous
predicted CK2 phosphorylation
sites (Table 1).

Phosphorylation of Plant Initiation
Factors by CK2

A survey for CK2 substrates in
addition to elF2a and elF3c was
conducted with plant initiation fac-
tors. Predictions in silico (Table 1)
suggest that several initiation fac-
tors contain multiple consensus
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FIGURE 4. SDS-PAGE analysis and phosphorylation of HD2B by native and
recombinant CK2. A, native wheat HD2B (T-substrate) and recombinant A.
thaliana HD2B were separated by SDS-PAGE on a 12.5% gel, and the gel was
stained with Coomassie Brilliant Blue. 7st lane, precision protein standards
(Bio-Rad) as indicated; 2nd lane, 2 pug of recombinant A. thaliana HD2B
(rAtHD2B); 3rd lane, 2 pg of native wheat HD2B/T-substrate (nWhHD2B).
B, reactions (20 ul) were incubated for 20 min at 37 °C and separated by
SDS-PAGE on a 12.5% gel as described under “Experimental Procedures.” The
gel was dried and analyzed by phosphorimaging. Native wheat germ CK2
preparation ("WhCK2aq, 1 pmol, 7st and 4th lanes), recombinant A. thaliana
CK2a1 (rAtCK2a1, 1 pmol, 2nd and 5th lanes), and recombinant A. thaliana
CK2a2 (rAtCK2a2, 1 pmol, 3rd and 6th lanes) were incubated with nWhHD2B
(40 pmol) or rAtHD2B (40 pmol).

TABLE 1

Comparison of in vitro and in silico CK2 phosphorylation site
predictions

The number of in vitro CK2 phosphorylation sites in each initiation factor substrate
was estimated by the incorporation of [**P] into polypeptide as described under
“Experimental Procedures.” Results obtained in vitro are expressed as the average of
three experiments * S.D.

No. of CK2 phosphorylation sites

Factor In silico predictions
Invitro

Scansite” NetPhosK” KinasePhos®
rWhelF2a 1.0 £ 0.1 1 4 3 4 1 2
rAtelF2a 1.8 02 3 5 4 6 1 5
rWhelF28 0.8 £0.1 1 2 0 2 1 1
rAtelF23 09 +0.1 0 2 1 1 1 2
rWhelF3c 7.4 * 0.6 8 15 8 11 5 15
rAtelF3c ND“ 7 12 8 9 2 8
rWhelF4B 1.8 £ 0.1 2 5 2 3 2 7
rAtelF4B1 58 £ 0.1 0 6 4 5 0 5
rAtelF4B2 5.8 £ 0.5 0 9 2 3 1 12
rWhelF5 31*0.1 0 3 1 3 1 3
rAtelF5 3.2+0.2 0 4 4 6 4 6
rWhHD2B ND 12 13 12 12 7 14
rAtHD2B 58 £04 9 11 7 7 4 9

<0.5° <0.59° >0.60° >0.57° 100%° 95%°

“ ScanSite version 2.0 is available on line.

 NetPhosK version 1.0 is available on line.

¢ KinasePhos is available on line.

% ND means not determined.

¢ Phosphorylation sites were predicted using two cutoff values for each program.

CK2 phosphorylation sites. Using expressed recombinant A.
thaliana CK2, it was shown that A. thaliana elF2a, elF2p,
elF4B1, elF4B2, and eIF5 (Fig. 5A) as well as recombinant wheat
elF2q, elF23, elF3c, elF4B, and elF5 (Fig. 5B) are genuine sub-
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FIGURE 5. Phosphorylation of plant elF2, elF3, elF4B, and elF5 by CK2. The
phosphorylation reactions (20 ul) were separated by SDS-PAGE on a 12.5%
gel as described under “Experimental Procedures.” The gel was dried and
analyzed by phosphorimaging. A, Tst lane, recombinant A. thaliana elF2« (25
pmol), recombinant A. thaliana elF23 (25 pmol), recombinant A. thaliana
elF4B1(15 pmol), recombinant A. thaliana elF4B2 (15 pmol), and recombinant
A.thaliana elF5 (20 pmol). B, 1st lane, recombinant wheat elF2a (50 pmol); 2nd
lane, recombinant wheat elF23 (50 pmol); 3rd lane, recombinant wheat elF3c
(25 pmol); 4th lane, native elF3 (10 pmol); 5th lane, recombinant elF4B (15
pmol); 6th lane, recombinant elF5 (15 pmol). To optimize CK2 phosphoryla-
tion, wheat and A. thaliana elF2q, elF3c, elF3, and elF5 as well as wheat elF4B
were phosphorylated by ~1 pmol of recombinant A. thaliana CK2a1; wheat
and A. thaliana elF23 (2nd lane) and recombinant A. thaliana elF4B1 or elF4B2
were phosphorylated by ~0.25 pmol of the CK2«a181 holoenzyme.

strates for CK2. Consistent with the in silico program predic-
tion of low confidence sites, CK2 did not phosphorylate recom-
binant wheat eIF1, eIF1A, eIF4E, eIF4G, elFiso4E, elFiso4G, or
elF4A in vitro (results not shown). The presence of multiple
subunits of CK2a and CK2p suggests that there might be dif-
ferential activity of CK2 forms toward substrates. Each CK2
holoenzyme and individual CK2« subunit was tested for activ-
ity against initiation factor substrates.

elF2a—CK2f subunits were found to slightly increase phos-
phorylation of A. thaliana elF2a by CK2a1 (1.3-1.6 times) and
modestly decrease phosphorylation by CK2a2 (0.6 —0.8 times;
Fig. 6). In contrast, CK2« subunits alone and the various
holoenzymes showed no significant difference in phosphoryla-
tion for wheat elF2« (Fig. 6).

elF23—The phosphorylation of both A. thaliana and wheat
elF23 by CK2« is negligible in the absence of CK2f subunits.
The phosphorylation of AtelF2f is increased by holoenzyme
formation (~2.5-20 times; Fig. 6). Formation of holoenzymes
with CK2B3 results in a modest increase in phosphorylation
(~2.5-3 times), whereas CK231 and CK234 result in a much
greater increase (~14-20 times). Similar to AtelF2(, the phos-
phorylation of wheat elF2f3 increases by ~4—11 times in the
presence of various CK2B subunits (Fig. 6). This increase is
greatest in the presence of CK2a1B4 and CK2a234. Together
these results may indicate a differential effect of the various
CK2 subunits on the activity of the CK2a catalytic subunit
isoforms toward a protein substrate.

elF3—The presence of CK28 subunits variably reduces the
phosphorylation of both native and recombinant wheat elF3c
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FIGURE 6. Phosphorylation of plant initiation factors by CK2a or CK2 holoenzymes. Plant initiation factors were incubated with CK2a or CK2
holoenzyme as described under “Experimental Procedures.” Each reaction was separated by SDS-PAGE on a 12.5% gel. The gel was dried and analyzed
by phosphorimaging to quantify incorporation of 3?P into the substrate. Units are arbitrary and are expressed as counts/mm?. Each reaction was
performed in triplicate and averaged. Error bars represent standard deviation. Note that scales for the y axis vary. Amounts of protein loaded on the gel
are as follows: rAtelF2« (25 pmol), rAtelF23 (25 pmol), rAtelF4B1(15 pmol), rAtelF4B2 (15 pmol), rAtelF5 (20 pmol), rWhelF2a (25 pmol), rWhelF23 (25

pmol), rWhelF4B (25 pmol), rWhelF5 (25 pmol).

by CK2a subunits (Fig. 7A). Native wheat eIF3 contains 13 non-
identical subunits, and only elF3c is a substrate for CK2. The
reduction in recombinant wheat e[F3c phosphorylation is most
dramatic in the case of CK2al holoenzyme formation with
CK2p1, which results in an ~7 times drop in activity. Similar
results for native elF3c are seen with other CK2 subunits, as

AV DN
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holoenzyme formation reduced activity of the catalytic sub-
units by ~1.5-7 times. Because eIF3c has multiple phosphoryl-
ation sites (Table 1), it is possible that various CK2 subunits
have specificity for certain sites. Interestingly, the phosphoryl-
ation of native wheat germ elF3c, which is in complex with 12
other elF3 subunits, shows a more dramatic reduction in phos-
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zymes for phosphorylation may
reflect the difference in the number
or character of CK2 sites between A.
thaliana and wheat (6 and 2, respec-
tively, see Table 1).

el[F5—The presence of CK2p
subunits produced a differential
effect on both A. thaliana and
wheat elF5 phosphorylation (Fig.
6). For AtelF5, CK2B3 showed a
modest increase in activity; how-
ever, no significant reduction in
activity toward AtelF5 was seen in
the presence of any CK2f subunits
(Fig. 6). The activity of CK2a1 and
CK202 toward wheat elF5 was
slightly increased by the presence of
CK2B3 (~1.3-1.5 times), whereas
the presence of CK231 reduced the
activity of both catalytic subunits,
although somewhat less so in the
case of CK2a2 (Fig. 6). These results

nWhelF3

a2B2
a2B3
a2p4

nWhelF3

10 20 30
Time (min)

FIGURE 7. Phosphorylation and quantitative phosphorylation of wheat elF3c. A, recombinant WhelF3c (15
pmol) or native WhelF3 (5 pmol) was incubated with CK2a or CK2 holoenzyme as described under “Experimen-
tal Procedures.” Each reaction was separated by SDS-PAGE on a 12.5% gel. The gel was dried and analyzed by

10

for elF2, elF3c, and elF5 show that
differential expression or availabil-
ity of plant CK2 subunits may
affect phosphorylation of these
substrates and thus provide differ-
ential regulation.

20 30

phosphorimaging to quantify incorporation of 3P into the substrate. Units are arbitrary and are expressed as

counts/mm?, Each reaction was performed in triplicate and averaged. Error bars represent standard deviation.
B, rtWhelF3c (150 pmol) or nWhelF3 (50 pmol) was incubated with CK2a1 as described under “Experimental
Procedures.” Reactions were stopped by the addition of ~1 ml of cold HVK buffer. Samples were immediately
captured on a nitrocellulose filter and quantitated using a scintillation counter. Each reaction was performed in
triplicate, and the results were averaged. Error bars represent standard deviation.

phorylation in the presence of CK2f subunits than recombi-
nant elF3c (Fig. 7A). This presents the possibility that some
sites may already be phosphorylated in native elF3c, and other
elF3 subunits may prevent access to certain sites, or there are
significant conformational differences between elF3c in com-
plex and “free” elF3c. A. thaliana eIF3c has yet to be cloned;
however, based on the results from wheat elF3c it is also likely
to be a substrate for CK2 and has 2—12 predicted CK2 sites
(Table 1). In addition, the Arabidopsis Protein Phosphorylation
Site data base (PhosPhAt 2.1) contains spectra identifying the in
vivo phosphorylation of a consensus CK2 site (Ser-40) in the N
terminus of A. thaliana elF3c (37).

elF4B—A response similar to AtelF23 was seen with A. thali-
ana elF4B1 and elF4B2, where the presence of CK28 subunits
increased phosphorylation by 1.2-28 times (Fig. 6). For both
isoforms of e[F4B, CK2B33 produced the smallest increase in
activity (1.2-9 times). In the case of AtelF4B1, CK2B1 and
CK2B4 subunits caused the greatest increase in the level of
phosphorylation (~10 times), whereas the phosphorylation of
AtelF4B2 by CK2al and CK2a2 was most dramatically
increased by CK2B2 subunits (13 and 28 times, respectively).
However, no obvious effect of holoenzyme formation on activ-
ity was detected for recombinant wheat eIF4B (Fig. 6). This less
obvious reliance of wheat eIF4B on formation of CK2 holoen-
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Quantitation of Phosphorylation
Sites of Plant Initiation Factors by
CK2

The approximate number of
phosphorylation sites on each initi-
ation factor was determined by the incorporation of **P into
each protein (summarized in Table 1). CK2al was used to
phosphorylate elF2a, elF3c, elF4B, and elF5, whereas
CK2a1 B4 was used to phosphorylate eIF2(. This decision was
made based on the optimum combination of subunits for phos-
phorylation observed in Fig. 6. At saturation, rWhelF2q,
rWhelF23, and rAtelF23 appear to have only a single CK2
phosphorylation site. However, multiple phosphorylation sites
appear to be present in rAtelF2a, rAtelF4B1, rAtelF4B2,
rAtelF5, rWhelF3c, rWhelF4B, and rWhelF5 (Figs. 7 and 8).
These data and the predicted number of phosphorylation sites
are summarized in Table 1. The location of many of these phos-
phorylation sites has been determined by mass spectrometry
and confirmed by mutagenesis (47).

Effect on Stability of CK2 Substrates in Transgenic A. thaliana
Recently CK2 phosphorylation was shown to play a role in
preventing degradation of the transcription factor HFR1 (38).
To determine whether CK2 phosphorylation could play a role
in the stability of initiation factors that are CK2 substrates, the
levels of various initiation factors in transgenic A. thaliana lines
were evaluated by immunoblotting. Extracts from both CK2a-
subunit knock-outs (CK2a1, CK2a2, and CK2a3) and plants
overexpressing CK233 (30) and CK234 (17) were used to com-
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FIGURE 8. Quantitative phosphorylation of plant initiation factors by CK2. rAtelF2« (250 pmol), rAtelF23 (250 pmol), rAtelF4B1(150 pmol), rAtelF4B2 (150
pmol), and rAtelF5 (250 pmol) and rWhelF2« (250 pmol), rWhelF2 (250 pmol), rWhelF4B (250 pmol), or rWhelF5 (250 pmol) were incubated with CK2 as
described under “Experimental Procedures.” Reactions were stopped by the addition of ~1 ml of cold HMK buffer. Samples were immediately captured on a
nitrocellulose filter and quantitated using a scintillation counter. Each reaction was performed in triplicate, and the results were averaged. Error bars represent
standard deviation. CK2a1 was used to phosphorylate rWhelF2q, rAtelF5, rWhelF5, and rWhelF4B. CK2a:1 34 was used to phosphorylate AtrelF23, rWhelF2,
rAtelF4B1, and rAtelF4B. Because CK234 undergoes autophosphorylation, a separate blank was run for this reaction. Note that scales for the y axis vary.

pare the various levels of initiation factors. There were no obvi-
ous differences in the amounts elF2q, elF3c, elF4B, or elF5 in
the transgenic A. thaliana lines (Fig. 9). However, compared
with wild-type A. thaliana, the amount of elF28 detected in
CK2a knock-out plants appears to be significantly reduced (Fig.
9A), whereas the amount of eIF28 is increased in lines overex-
pressing CK2B3 and CK2p4 subunits (Fig. 9B). To determine
whether this was a direct or indirect effect on stability of eIF23
by CK2 phosphorylation, wheat elF2 and a mutant form of
elF2B that was mutated to remove the CK2 sites (47) were incu-
bated with wheat germ extract in the presence and absence of

JULY 31, 2009+ VOLUME 284+NUMBER 31

exogenous CK2 holoenzyme (elF2f requires holoenzyme for
phosphorylation and wheat germ extract appears to deficient in
CK2p). Interestingly, the mutant form of elF23 was degraded
only in the presence of CK2, whereas the wild-type form was
unexpectedly stable in the absence of CK2 (see supplemental
material). This suggests that there may be upstream effects of
CK2 on either the degradation machinery or other ancillary
factors. A proteosome inhibitor (MB132) prevented the degra-
dation of the mutant form of eIF23 (see supplemental material)
suggesting that CK2 phosphorylation may have both a direct
and indirect role in the degradation of eIF2. It is interesting to
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FIGURE 9. Stability of elF2 in CK2a-subunit knock-out lines or CK2-
subunit overexpression lines. Extracts from both CK2al, CK2a2, and
CK2a3-subunit knock-outs (A) and plants overexpressing CK233 and CK234
(B) were used to compare the various levels of initiation factor expression.
Transgenic A. thaliana plant extract (15 g) was separated by SDS-PAGE and
blotted to polyvinylidene difluoride. Rabbit antiserum to recombinant wheat
elF2p, elF2¢, elF3c, elF4B, and elF5 or mouse monoclonal a-tubulin antibod-
ies were used for Western blots as described under “Experimental
Procedures.”

note that of the initiation factor substrates only eIF2f stability
appears to be affected in the CK2 mutant lines, and elF2f is
the only initiation factor substrate identified that requires the
holoenzyme for phosphorylation. These data suggest that the
phosphorylation of e[F23 may have a distinctly different bio-
logical role than phosphorylation of the other initiation factors.
Our accompanying paper (47) addresses a functional role for
CK2 phosphorylation of elF3c and elF5 in plant translation
initiation.

DISCUSSION

A. thaliana CK2 subunits were expressed and purified and
shown to have enzymatic activity similar to CK2 isolated
from wheat germ. In addition to phosphorylating the previ-
ously identified wheat translation initiation factor substrates
elF2a and elF3c, CK2 was observed to phosphorylate wheat
elF2, elF4B, and elF5 and A. thaliana elF2«, elF23, eIF4B1,
elF4B2, and elF5. CK2 did not phosphorylate recombinant
wheat elF1, elF1A, elF4A, elF4E, elF4G, elFiso4G, or
elFiso4E. In addition, T-substrate (23) was identified as plant
histone deacetylase 2B.

In previous studies, the phosphorylation of native wheat
elF23 was not observed in the presence of native wheat germ
kinase (22). This is because of the presumed low levels of the
regulatory CK2B subunit in wheat germ extracts (data not
shown). Similar findings were observed with recombinant A.
thaliana CK2 subunits, where phosphorylation of eI[F23 occurs
only in the presence of regulatory CK2 subunits. The work
presented demonstrates that holoenzyme formation of cata-
lytic CK2« subunits with various regulatory CK28 subunits
alters the ability of A. thaliana CK2 to phosphorylate plant
initiation factor substrates in vitro. More specifically, when
assembled into holoenzymes with CK2B, CK2a subunits
exhibit an increase in the phosphorylation of elF23 and in some
cases elF4B; however, a reduction in the ability to phospho-
rylate eIF3c was observed for the holoenzyme, suggesting the
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potential for differential regulation by the availability of various
CK2 subunits. This is the first study to clearly demonstrate the
differential effects of various CK23 subunits on substrate spec-
ificity. By regulating specificity, the formation of various CK2
holoenzymes presents an attractive mechanism for altering the
phosphorylation state of various physiological substrates.

It has been previously shown that A. thaliana CK23 subunits
exhibit differential subcellular distribution (14), and DNA array
data bases indicate that A. thaliana regulatory CK2 subunit
mRNAs are differentially expressed in specific tissues during
development and in response to stresses (see supplemental
material for summary). Similar findings demonstrate the differ-
ential expression of CK2 subunit mRNA in maize during devel-
opment (10) and in tobacco during the cell cycle (15). The phos-
phorylation data presented here support the possibility that the
regulated expression of CK2f subunits in plants could be used
to modify the substrate specificity of CK2 subunits toward var-
ious substrates in vivo by controlling regulatory subunit
availability.

A number of in vivo CK2 phosphorylation sites have been
identified in translation initiation factors from yeast and
mammalian cells (3); however, the exact role CK2 phospho-
rylation plays in translation is not fully known. CK2 phos-
phorylation sites in mammalian elF283, elF2B, and elF5
appear to be necessary for the proper regulation of transla-
tion (39—41). The phosphorylation of mammalian eIF2f by
CK2 leads to a reduction in its affinity for GDP (42), and
alanine substitution to prevent CK2 phosphorylation results
in reduced rates of protein synthesis (40). Furthermore,
phosphorylation of mammalian eIF2B on its e-subunit by
CK2 stimulates nucleotide exchange activity (40, 42) and is
required for interaction of the guanine nucleotide exchange
factor with eIF2 in vivo (43). In both of these instances, CK2
phosphorylation would appear to enhance the recycling of
elF2-GDP and improve ternary complex formation. Simi-
larly, alanine substitution at CK2 phosphorylation sites in
mammalian eIF5 limits its interaction with eIF2 and thus the
formation of multifactor complexes, leading to a disruption
in synchronous cell progression and reduced growth rates
(41). Additional studies have implicated CK2 in the phos-
phorylation of mammalian eIF4E and eIF4B (3); however, the
effect phosphorylation has on the activity of these factors is
less clear. This work shows that plant elF4E is not a CK2
substrate, although elF4B is a substrate. In mammalian cells,
CK2 has also been found to phosphorylate and up-regulate
the activity of Akt/protein kinase B, suggesting a potential
role for the kinase in regulating translation initiation via the
mammalian target of rapamycin signaling pathway (44).
Compared with other eukaryotes, plants possess a wider
variety of CK2 isoforms, and the regulation of CK2 subunit
expression/degradation and variations in the subcellular dis-
tribution of the CK2 isoforms presents a potential mecha-
nism for regulating the substrate specificity of CK2 through
the formation of different CK2 holoenzyme complexes.

CK2 may also function in regulating protein levels by pro-
moting ubiquitin-mediated degradation. The ubiquitination
and degradation of mammalian IkBa (45) and promyelocytic
leukemia (46) have been shown to be dependent on direct
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phosphorylation by CK2. More recently, CK2 phosphoryla-
tion sites in the A. thaliana transcription factor HFR1 were
shown to influence the rate of protein degradation, as a
phosphorylation-deficient A. thaliana HFR1 mutant protein
was degraded faster in vitro (38). In the case of HFR1, Park et
al. (38) have suggested a mechanism whereby CK2 phospho-
rylation reversibly regulates HFR1 interaction with the
COP1-SPA1 ubiquitin-protein isopeptide (E3) ligase com-
plex. Our analysis of initiation factors in A. thaliana extracts
from CK2a«a knock-out lines and CK2f3 overexpression lines
suggests that a similar protective mechanism may be taking
place for A. thaliana elF2p, although it appears that there
may be upstream or indirect effects by CK2 on eIF2f3 stabil-
ity. Further research is necessary to understand any potential
relationship between phosphorylation by CK2 holoenzyme
and degradation pathways for eIF2p.

The findings of this study suggest a potential role for CK2
isoforms in regulating plant translation initiation. The reg-
ulated expression/degradation of various CK2 subunits pre-
sents a potential mechanism for altering the phosphoryla-
tion of various initiation factors in plants. Because there is
limited evidence that plants regulate their translational
machinery through similar mechanisms compared with
other eukaryotes, it is tempting to speculate a potential role
for CK2 in regulating plant translation initiation. By differ-
ential phosphorylation of initiation factor complexes, CK2
may regulate the translation of specific mRNAs or the stabil-
ity of various initiation factors in response to abiotic or biotic
stress, development, or changes in the cell cycle. This study
represents a starting point for evaluating the role CK2 phos-
phorylation plays in regulating the initiation of translation in
plants.
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